Aims/hypothesis. A maternal low-protein diet has been shown to induce an increased susceptibility of fetal islets to cytokines, but this effect can be avoided by maternal taurine supplementation. Here, we question whether these effects persist until adulthood in the offspring, despite the animal having a normal diet after weaning. Methods. Pregnant Wistar rats received a diet of either 20% or 8% protein (control [C group] and recuperated [R group] respectively), which was or was not supplemented with taurine (control treated with taurine [CT group] and recuperated treated with taurine [RT group] respectively) during gestation and lactation. When the female offspring reached adulthood, an OGTT was performed. In a second stage, islets were isolated from these offspring, then pretreated or not with taurine, and subsequently treated with cytokines. Results. Fasting glycaemia was higher (p<0.05) and insulinaemia was lower (p<0.01) in the R group than in the C group. Taurine supplementation decreased insulinaemia in the CT group and tended to increase it in the RT group. After the OGTT, glycaemia in R animals was not different from that in the C group, despite a blunted insulin response (p<0.05) which was restored by taurine. Supplementation in C-group mothers led to a weak glucose intolerance. In vitro, more apoptotic cells were observed in R islets after cytokines treatment (p<0.01). The addition of taurine to the culture medium in the R and C groups protected the islets from the cytokines (p<0.01). Maternal taurine supplementation decreased the sensitivity of islets in the RT group (p<0.01), but increased sensitivity in the CT group (p<0.01). Conclusions/interpretation. The increased vulnerability of islets to cytokines due to a restriction of protein during fetal development was still evident when the offspring reached adulthood. The low-protein diet also induced hyperglycaemia in the presence of lower insulinaemia. Taurine supplementation protected adult islets of the R group from cytokine toxicity and restored the insulinaemia. However, unnecessary supplementation of taurine could have detrimental effects.
Introduction
Epidemiological data suggest that fetal malnutrition induces growth retardation in the offspring and degenerative diseases in adult life, including hypertension, cardiovascular disease, obesity, glucose intolerance and Type 2 diabetes mellitus [1] . These studies have led to the hypothesis that some programming of these pathologies is established in early life, due to the lack of fetal nutrient availability as a consequence of poor placental function or maternal malnutrition. To reveal mechanisms involved in this programming, we developed an animal model of maternal malnutrition. In this model, a low-protein (LP) diet (8% vs 20% control) given during gestation leads to offspring having lower body weight. Pancreatic beta cell mass, insulin content and insulin secretion are reduced at birth [2, 3] . In addition, in vivo and in vitro, the proliferation rate of fetal islet cells is lower [2, 4, 5, 6] , while apoptosis is higher [5, 6, 7] . Fetal LP islets exposed to interleukin-1β (IL-1β) or to nitric oxide (NO · ) donor, toxic molecules implicated in beta cell damage in Type 1 diabetes, are more sensitive than control islets, showing that an LP diet in fetal and early life increases the vulnerability of fetal islets. Resuming a normal diet after birth or after weaning does not restore a normal plasma insulin level in the offspring, which is reduced in fasting state and after an oral glucose challenge in adulthood [8, 9] .
The early LP diet also specifically affects some amino acid concentrations in plasma. In particular, taurine is severely reduced in both maternal and fetal plasma [10] , as well as in fetal islets. Taurine (2-aminoethanesulphonic acid) is not incorporated into proteins. Nevertheless, the substance is found at high intracellular concentrations in most animal tissues. It is an end product of the metabolism of sulphur amino acids, methionine and cysteine [11] . Taurine is important for normal fetal development [12, 13] and is dependent on placental transfer from the mother [14] . At the cell level, the physiological role of taurine is not fully understood, although it has been implicated in osmoregulation, inhibition of protein phosphorylation and calcium modulation [14, 15] . It is also reported to have a hypoglycaemic activity and to modulate insulin secretion [16, 17, 18, 19, 20] . Taurine plays an important role in the prevention of cell death; it has been found to prevent death of endothelial cells induced by TNFα and/or arsenite [21] . Moreover, Fas (CD95/APO-1)-mediated neutrophil apoptosis is reported to be inhibited by taurine through calcium homeostasis [22] . Finally, the substance appears to be important for the normal development of the endocrine pancreas, since supplementing a maternal LP diet with taurine has been found to restore a normal taurine concentration in fetal plasma, a normal beta cell mass and a normal insulin secretion by fetal islets [5, 23, 24] . In vivo and in vitro, taurine prevents the damage to fetal beta cells induced by IL-1β and NO · [7] .
In the present study, we asked whether the higher sensitivity of fetal islets to cytokines as well as the lower insulin secretion, both due to an LP diet during fetal development, persist until adulthood, and whether the preventive effect of maternal taurine supplementation is still evident in adult offspring rats.
Materials and methods
Animals. Wistar (WI-HAN) rats were bred in our animal husbandry. Adult virgin female rats were caged overnight with males (four females to one male), and copulation was verified the next morning. The animals were maintained at 25°C with a 10-h to 14-h dark-light cycle. One group of pregnant rats was fed with a control diet (20% protein, C group), and a second group with an isocaloric LP diet (8% protein, R group). These diets were maintained until lactation. To investigate the effect of taurine in vivo, the pregnant rats were fed a control or LP diet supplemented with 2.5% taurine (w/v; in the drinking water) until lactation (CT and RT groups).
In each of the 5 newborn litters per group, all but 8 offspring were culled (160 animals). After weaning, the offspring in each of the four groups received a normal diet until 12 weeks after birth. The diet did not contain taurine, and its composition has been described previously [5] . The control and LP diets were purchased from Hope Farms (Woerden, Holland). All animals had free access to water.
All procedures were carried out in accordance with the 'Principles of laboratory animal care' (NIH publication no. 85-23, revised 1985) and with the approval of the animal ethics committee of the University of Louvain.
Oral glucose tolerance test. An OGTT was performed after a 16-h fast on 7 or 8 female rats in each group (32 animals), aged 11 weeks. Animals were then given 0.7 ml of 50% glucose solution per 100 g body weight. Blood samples were collected from the tail vein before gavage and after 15, 30, 60 and 120 min to measure glucose and insulin concentrations. Plasma samples were kept at −20°C until assayed for insulin. For measurement of glucose concentrations, blood samples were collected on heparinised tubes from which 50 µl were transferred to another tube containing 500 µl of HClO 4 (0.33 mol/l) for proteins precipitation. After centrifugation, samples aliquots were kept at −20°C until glucose measurement.
Islet isolation. Pancreatic islets were isolated from the 12-week-old female rat offspring by collagenase digestion. In short, the rats were killed and their pancreases extracted, minced and digested in 8 ml HBSS containing 8 mg collagenase type XI (specific activity 1.61 U/mg; Sigma, St. Louis, Mo., USA). The tubes were shaken by hand for 10 min at 37°C. The digestion was terminated by adding ice-cold HBSS. Islets were collected and purified twice by centrifugation (1 min at 800 rev/min). Then, the tissue was washed 4 times by decantation to remove debris. Finally, islets were isolated by hand picking and cultured in Petri dishes for 24 h in RPMI 1640 medium (Gibco, Grand Island, N.Y., USA) containing FBS (5% v/v) and antibiotics (penicillin 200 U/ml, streptomycin 0.2 mg/ml).
Islet treatment. After 24 h of culture, the islets were rinsed with serum-free DME/F12 medium (1:1 v/v; Gibco) and incubated for the next 48 h in the same medium with or without 3 mmol/l taurine (Sigma). During the last 24 h of taurine treatment, the islets were exposed to a cytokine mixture containing 50 U/ml IL1-β, 100 U/ml TNF-α and 100 U/ml IFN-γ (Endogen, Woburn, Mass., USA).
Islet labelling. Apoptosis was detected as DNA strand breakage by the TUNEL method using an In Situ Cell Death Detection Kit (TMR red; Roche Diagnostics, Mannheim, Germany) as described [25] . This kit used tetramethyl-rhodamine-dUTP incubated with the enzyme, deoxynucleotidyl transferase, to label the apoptotic nuclei. DAPI (50 mg/ml; Roche) was used to label the total islet nuclei.
Confocal microscopy. Stained probes were examined through a confocal laser scanning microscopy system (MRC-1024 UV; Bio-Rad, Hemel Hempstead, UK) equipped with argon ion and krypton argon ion lasers. Rhodamine was excited at 488 nm and the emission was measured with a long-pass filter of more than 515 nm; DAPI was excited at 351 nm and measured at 455±32 nm. We collected 4 to 5 optical sections at every 10 µm through the islets. The number of rhodamine-positive nuclei to the total number of nuclei was reported and expressed as a percentage.
Glucose and insulin measurements. Plasma glucose concentration was determined by the glucose oxidase method using glucose (Trinder's) reagent (Sigma). Plasma insulin concentration was measured by ELISA test using the Mercodia Ultrasensitive Rat Insulin ELISA Kit (Uppsala, Sweden) with variation coefficients of 8.0% within assays and 4.6% between assays.
HPLC measurements. Before islet isolation, blood samples were collected. Plasma was diluted 10 times in 35% 5-sulfosalicylic acid in order to extract the amino acids, and then stored at −80°C until analysis. Analysis and quantification of the amino acids were performed by a standard, reverse-phase HPLC method after derivatisation with o-phtalaldehyde. Identification of separated amino acids was occasionally confirmed by ion exchange chromatography (Model 6300; Beckman, Fullerton, Calif., USA).
Statistical analysis.
Experimental results are reported as means ± SEM. The significance of the difference between groups was analysed by Scheffe's test following one-way or two-way AN-OVA. A p value of less than 0.05 was considered statistically significant.
Results
Effect of an LP diet and taurine supplementation in fetal and early life on body weight and on blood parameters in the adult rat. In 11-week-old female offspring, there was no difference in the body weights between the C group (221.2±3.1 g) and the R group (207.8±4.1 g). Having a normal diet after weaning was sufficient for the rats to catch up a normal body weight in spite of early growth retardation. Taurine supplementation did not modify these body weights in the CT group (224.5±4.4 g) and RT group (206.9± 2.2 g). No difference in taurine level (µmol/l) was observed in the plasma of the adult offspring of the protein-deprived dams (C, 453.7±26.1; R, 417.6±43.3; CT, 491.1±33.1; RT, 348.3±55.9). There were no changes in the other amino acids except the level of cystine (R, 67.2±4.9 vs RT, 84.3±1.9; p<0.05), which was a result of the taurine supplementation.
Fasting plasma insulin and glucose levels are shown in Fig. 1 . The insulin level was reduced by 80% in R animals compared with in the C group (p<0.01). The glucose level, however, was marginally but significantly increased in the R group (12%; p<0.05). Taurine added to the drinking water tended to restore a normal insulinaemia in the RT group. In contrast, in the CT group, taurine significantly decreased the fasting plasma insulin concentration (p<0.05) but had no effect on the fasting plasma glucose levels.
Effect of an LP diet and taurine supplementation in fetal and early life on glucose tolerance in the adult rat.
The plasma insulin and glucose concentrations measured at different times after an oral glucose challenge are shown in Fig. 2 . In the R group, insulin secretion increased only slightly and was significantly lower than that in the C group (p<0.05). The early response (0-15 min) was particularly blunted. Between 60 and 120 min, the levels of insulin secretion in the two groups (C and R) were similar. In contrast, during the challenge, glucose concentrations tended to be higher in R animals than those in C animals, but this difference was not significant.
Taurine supplementation restored a normal insulin response to the glucose challenge in the RT group (p<0.05; Fig. 2 ) but had no effect on CT animals. It did not affect the plasma glucose levels during the test in the RT group compared with the R group, but it significantly increased that of the CT group (p<0.05). An LP diet in fetal and early life increased the susceptibility of adult islet cells to cytokines. Adult islets from the C, R, CT and RT groups were cultured and were either treated or not with a cytokine mixture. Apoptosis in the four groups was detected by the TUNEL method. The basal apoptotic rate (without cytokines) in the R group tended to be higher than that in the C group, but this difference was not significant (Fig. 3) . Cytokine treatment induced a doubling of islet cell apoptosis in the C group (p<0.01). In the R group, islet cell apoptosis was increased by 290% with cytokines treatment (p<0.01), and this increase was significantly higher than in the C group (p<0.01). Therefore, R islets were more susceptible to cytokines than C islets.
Taurine supplementation in vivo and in vitro alters cytokine-induced apoptosis.
Supplementation of the maternal diet with taurine had no effect on the basal apoptotic rate in the CT and RT groups. The response to cytokines was greater in CT islets (p<0.01), while taurine lowered the response to cytokines in RT islets (p<0.01).
The direct in vitro effect of taurine was investigated by incubating C and R islets in medium with or without taurine, before cytokine treatment with or without taurine ( Table 1) . Estimation of apoptosis showed that adding taurine to the culture medium significantly lowered the rate of apoptosis (p<0.01) by 54% and 65% in C and R islet cells respectively.
Discussion
Two important findings are reported in this work: (i) that moderate early protein deficiency in a rat diet permanently impairs beta cell physiology, and (ii) that by enhancing the level of taurine to normal after maternal taurine supplementation, such deleterious effects may be prevented. We had already observed an increased vulnerability of islets from the offspring of proteinmalnourished dams to cytokines and NO · at fetal age, which was restored by taurine intervention [7] . Normal nutrition after weaning was thus unable to restore normal insulin secretion and normal susceptibility of adult islets to toxic molecules implicated in Type 1 diabetes. Taurine intervention, however, could play a role in the early prevention of Type 1 diabetes.
Although the notion of early programming of Type 1 diabetes, which underlies this work, has not yet been clearly addressed in the literature, early events such as viral infection (in humans [26] ), early induction of high levels of glucocorticoids [27] and a higher wave of apoptosis in islets of neonates (in the non-obese diabetic mouse [28, 29] ) have been associated with the later development of Type 1 diabetes.
The possible mechanisms by which early protein restriction induces increased vulnerability of fetal islets to cytokines, and by which taurine prevents this, have already been discussed elsewhere [7] . Maternal malnutrition affects the quality and quantity of the beta cells of the offspring during development, an effect which disappeared in the case of maternal taurine supplementation to the LP diet. The imbalance between lower proliferation and higher apoptotic rate leads to smaller islets and to a reduced beta cell mass lacking the survival factors IGF-1 and IGF-2 at birth and in early life [6] . Lower IGF levels may be involved in the increased vulnerability of fetal islets, since maternal taurine supplementation, which restores beta cell mass and normalises islet vulnerability, rehabilitates IGF levels in the endocrine pancreas [5] . However, other chaperone proteins and proteins involved in the defence mechanism are altered as well and could contribute to the negative picture [30] .
The mechanism by which the effect of the nutritional environment persists at age 3 months despite a normal diet after weaning is less clear. Preliminary data on NO · production by adult islets in response to cytokines may in part explain the higher apoptotic rate observed in the R islets after incubation with cytokines. Indeed, NO · production was enhanced 5-fold in R islets compared with C islets after cytokines stimulation, with no NO · being secreted in basal conditions. One may thus suggest that inducible nitric oxide synthase (iNOS) is overexpressed in the R cells when stimulated by cytokines.
Taurine supplementation in vivo protected R adult islets from cytokine toxicity, but increased islet sensitivity to cytokines in the C group. A direct positive or negative effect due to differences in plasma taurine levels at the time of analysis cannot be an explanation for these results, since taurine levels were similar in the four groups at 3 months of age. The effect of taurine could result from the fact that taurine administration in fetal and early life led to the development of different beta cell populations in the two groups (CT and RT). We have indeed shown that taurine restored fetal islet vascularisation altered by an LP diet, as well as expression of IGF-2 and vascular endothelial growth factor [5, 24] . Vascularisation and vascular endothelial growth factor are of prime importance for the differentiation of the endocrine pancreas [31] , and IGFs, being mitogenic and survival factors, modulate the mass of islet cells [6, 32] . Different levels of taurine during development may thus provide different populations of islet cells, resulting from an activity of this amino acid on these factors. It is also possible that a precise concentration of the amino acid is required for an appropriate differentiation of the fetal endocrine pancreas, since with respect to beta cell vulnerability, a low supply with the LP diet or an exaggerated supply with taurine administration in controls is deleterious. In addition, our preliminary data on the level of NO · produced in the culture medium appear to correspond to the data on vulnerability. RT cells produced 10 times less NO · than R cells, while CT cells tended to produce twice as much NO · as control cells.
Taurine supplementation during gestation has also been investigated in non-obese diabetic mice, an animal model of Type 1 diabetes, and has been shown to reduce markedly the incidence of insulitis. It also delayed diabetes by 10 weeks, or even prevented it. In this case too, taurine modified the proliferation and apoptotic rate as well as the IGF levels in the islet cells [33] .
Taurine added to the culture medium protected R and C islets against cytokine cytotoxicity, as already observed in fetal islets [7] . A main explanation for this direct protection might be the stimulation of IGF expression in beta cells, as IGFs can decrease cytokineinduced apoptosis of adult islets by inhibiting iNOS expression [34] . IL-1β stimulates the expression of this enzyme via the transcription factor nuclear factor-κB (NFκB) in beta cells, leading to NO · production and then to beta cell death [35] . In addition, taurine chloramine, the final product of interaction between taurine and HOCl/OCl, inhibits iNOS in activated macrophages [36] . In fact, taurine chloramine is responsible for the oxidation of IκB, the inhibitor of NFκB, which leads to NFκB blockage and then to iNOS inhibition [37] .
Finally, we observed that protein restriction early in life provoked a lower plasma insulin secretion at adult age in fasting state as well as after an oral glucose challenge, confirming previous results [3, 9] . In the present work, the deficiency in offspring insulin secretion appears to be worsened by prolonging the protein restriction in the lactating dam. Despite the blunted insulin release, the fasting plasma glucose level was only slightly increased, and plasma glucose remained normal during the OGTT. Normal glucose tolerance with reduced insulin secretion can be explained by an adaptation of peripheral tissues to lower insulin levels, as shown previously [38, 39, 40] .
In fetal islets, a normal sensitivity to secretagogues was recovered after taurine supplementation to the maternal LP diet [23] . This beneficial effect of taurine persisted at 3 months of age when animals had a normalised serum concentration of taurine. In contrast, we found that taurine given to the control dams during gestation and lactation decreased fasting insulin secretion in adult offspring, while maintaining normal insulin secretion during an oral glucose challenge. The effects of taurine on insulin secretion could be explained by the modification of beta cell population resulting from the changes in development discussed above. However, it is also possible that taurine modified the response of the peripheral tissue to the hormone, an effect which has not yet been documented.
In summary, maternal malnutrition modified the early intrauterine environment as well as the quality of lactation in the rats, thereby influencing beta cell development and creating conditions that could lead to the development of Type 1 diabetes later in life. The use of taurine in Type 1 diabetes prevention, despite the risk of harmful effects if not strictly controlled, is conceivable following further investigation of the mechanisms involved.
